Conditionally immortalized cell line of inducible metanephric mesenchyme  by Levashova, Zoia B. et al.
Kidney International, Vol. 63 (2003), pp. 2075–2087
Conditionally immortalized cell line of inducible
metanephric mesenchyme
ZOIA B. LEVASHOVA, SERGEI Y. PLISOV, and ALAN O. PERANTONI
Laboratory of Comparative Carcinogenesis, National Cancer Institute, National Institutes of Health, Frederick, Maryland
Conditionally immortalized cell line of inducible metanephric Mammalian nephrogenesis results from reciprocal in-
mesenchyme. teractions of two stem cell populations derived from inter-
Background. The mesenchymal-epithelial conversion of meta- mediate mesoderm: the ureteric bud (UB), which grows
nephric mesenchyme (MM) in the formation of nephronic tu- out of the mesonephric duct, and undifferentiated meta-
bules has long served as a paradigm for inductive signaling
nephric mesenchyme (MM) found in the surroundingin morphogenesis. However, the mechanisms underlying this
nephrogenic chord. The UB, stimulated by surroundingdifferentiation have remained an enigma due to insufficient
MM, elongates and branches to produce the collectingnumbers of primary mesenchymal cells that must be isolated
duct system of the adult kidney. Concurrently, inductivemanually from animal embryos. To overcome this problem,
we have established a conditionally immortalized cell line, the factors secreted by the UB cause morphologic and func-
rat-inducible metanephric mesenchyme (RIMM-18) by trans- tional differentiation of the mesenchyme, resulting in
fection of primary mesenchymal cells with a vector, encoding formation of the epithelial structures of the nephron.
an estradiol-dependent E1A-ER fusion protein. Recent studies have demonstrated the involvement of
Methods. Reverse transcription-polymerase chain reaction
such signaling molecules as fibroblast growth factor 2(RT-PCR), luciferase reporter assay, electrophoretic mobility
(FGF2), leukemia inhibitory factor (LIF), transformingshift assay, immunocytochemical, and immunohistochemical
growth factor-2 (TGF-2), and transforming growthstainings were used to characterize the established cell line.
factor- (TGF-) in this process [1–5]. Individually,Results. We demonstrate that in the presence of estradiol,
the RIMM-18 cell line proliferates continuously, maintaining these cytokines can maintain growth of isolated MM or
mesenchymal characteristics for over 40 passages. These cells even induce its epithelial conversion and tubule forma-
are vimentin-positive and cytokeratin-negative. Under induc- tion. In combination, they function synergistically to en-
tive conditions in the absence of estradiol, they are responsive hance and accelerate differentiation [4].
to a number of cytokines, which are established inducers of
FGF2, LIF, and TGF-2 are secreted products of UBmesenchymal cells in vivo and in vitro [i.e., fibroblast growth
cells and their identification as inductive factors for MMfactor 2 (FGF2), leukemia inhibitory factor (LIF), and trans-
was facilitated by the establishment of a UB cell line,forming growth factor-2 (TGF-2)]. We show the presence
RUB1 [2, 6]. Conditioned medium from the UB cell linein RIMM-18 cells of specific protein markers and functionally
active signaling pathways required for induction of tubule for- provided a convenient source of inductive ligands to
mation in MM. Furthermore, induced RIMM-18 cells change rescue mesenchymal cells from apoptosis and cause the
morphology, acquiring epithelial-like features, and begin to epithelial conversion and tubule formation in in vitro
express epithelial markers (e.g., E-cadherin, cytokeratin, -glu- explants of MM.
tamyl-transpeptidase, and secreted frizzled-related protein 2 Despite the recent identification of the inductive fac-(sFRP2).
tors governing mesenchymal-epithelial conversion, theConclusion. This preliminary characterization of the RIMM-18
underlying mechanisms determining the process are notcell line suggests that it will be useful in the study of biochemical
completely understood due to the obvious complexity ofand molecular mechanisms of nephronic development and,
possibly, of some types of renal cancer such as Wilms’ tumor, inductive signaling, scant amounts of biologic material,
which caricatures the normal process of kidney development. and labor-intensive nature of available models for study.
Such studies require multiple explanted MMs, which have
to be microscopically isolated from embryos, separated
Key words: induction, kidney, tubulogenesis, cell line, FGF2, LIF, TGF-2. from the UB, and maintained as primary cultures for
several days. Unfortunately, the primary explants have aReceived for publication April 30, 2002
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sufficient for the majority of conventional biochemical lished RIMM-18 cell line demonstrated successful cell
growth in a media with as low as 5% serum and 10 ng/mLassays.
Therefore, the establishment of an immortal cell line FGF2.
Epithelial conversion of the cells was achieved by with-from uninduced MM, which would retain its ability to
proliferate and also its potential to differentiate, would drawing estradiol and serum from the culture medium
and by addition of factors known to be inductive forbe a convenient tool to permit the comprehensive evalu-
ation of molecular events responsible for morphogenesis. tubule formation in primary mesenchymal explants [i.e.,
50 to 100 ng/mL human FGF2 (R&D Systems), 30 toHerein, we describe a novel immortalized cell line, rat-
inducible metanephric mesenchyme (RIMM-18), that was 50 ng/mL mouse LIF (Sigma Chemical Co.), 20 ng/mL
human TGF- (Sigma Chemical Co.), and 0.1 to 6 ng/mLestablished by transfection of rat primary MM cells with
an E1A-ER conditional vector. This cell line has been human TGF-2 (Sigma Chemical Co.)]. Conditioned me-
dium (CM) prepared from confluent cultures of RUB1maintained in a proliferative state, without undergoing
a cell crisis phase, for over 40 passages. The RIMM-18 cells as described earlier [2, 6] was also added to achieve
a more pronounced effect on mesenchymal-epithelialcell line possesses characteristics consistent with its MM
origin, including expression of specific protein markers conversion. This may be due to the presence in CM of
other inductive factors [4]. Control cells were grown inand responsiveness to cytokines, which are shown to be
inducers of mesenchymal cell differentiation. Importantly, the presence of 5% FBS, 10 ng/mL FGF2, and 100 nmol/L
estradiol.the established cell line also retains a potential for con-
version to differentiated epithelia in our inductive condi-
Semiquantitative reverse transcription-polymerasetions.
chain reaction analysis
The reverse transcription (RT) reactions were per-
METHODS
formed using 0.2 g and 1 g of DNase-treated total
Cell lines RNA in the presence of 1  First-strand buffer (Gibco
BRL), 10 mmol/L dithiothreitol (DTT) (Gibco BRL),The HEK293 human embryonic kidney cell line was
obtained from the American Type Culture Collection. 1.0 mmol/L desoxynucleoside triphosphate (dNTP) mix
(Gibco BRL), 20 U/L RNase inhibitor (PE Biosystems,The RUB1 cell line was established from rat ureteric
bud cells and characterized earlier [6]. Foster City, CA, USA), 5 mol/L random hexamers (PE
Biosystems), and 200 units of M-MLV RT (Gibco BRL)The conditionally immortalized RIMM-18 cell line was
established by transfection of primary mesenchymal cells in a total volume of 20 L. The RT mix was incubated
for 70 minutes at 42C followed by heating to 95C forwith an E1A-ER fusion construct subcloned into pEF1-
neo, which was a kind gift from Gerd Blobel [7]. The 5 minutes for inactivation of RT.
Polymerase chain reaction (PCR) amplification wasoriginal expression vector encoding a chimeric protein,
in which the N-terminal 150 amino acids of adenovirus performed in 20 L of 1  PCR buffer (Gibco BRL)
containing 1.75 mmol/L MgCl2, 0.75 mmol/L dNTP mix,type 2 E1A are fused in frame to a human estrogen re-
ceptor (ER) hormone-binding domain, was previously 0.5 U UniPOL DNA polymerase (PGC Scientifics Cor-
poration, Frederick, MD, USA), 1 L of each RT prod-described [8].
Embryonic kidneys were excised from 13-day postcoi- uct and 50 pmol of each primer. Primer sequences, an-
nealing temperatures, and number of cycles are showntum (dpc) F344 rat embryos. MMs were enzymatically
separated from UBs and cultured on type I collagen- in Table 1. No-RT controls were always included to rule
out possible DNA contamination. All PCR productscoated 30 mm dishes (Becton Dickinson, Franklin Lakes,
NJ, USA) in Ham’s F12:Dulbecco’s modified Eagle’s were sequenced to confirm identity.
medium (DMEM) 1:1 medium (Gibco BRL, Gaithers-
Western blot analysisburg, MD, USA) containing 10% fetal bovine serum
(FBS) (HyClone, Logan, UT, USA), the supplements as Cells were washed and scraped in phosphate-buffered
saline (PBS), pelleted, and resuspended in ice-cold RIPAdescribed [9], FGF2 (50 to 100 ng/mL) (R&D Systems,
Minneapolis, MN, USA) and 17-estradiol (100 nmol/L) cell lysis buffer [50 mmol/L Tris-HCl, pH 7.4, 150 mmol/L
NaCl, 1% Nonidet P-40, 0.25% Na deoxycholate, 1 mmol/L(Sigma Chemical Co., St. Louis, MO, USA). The next
day, the cells were transfected with a linearized pEF1- ethylenediaminetetraacetic acid (EDTA), 1 mmol/L so-
dium orthovanadate, 1 mmol/L NaF, 0.1 mmol/L phenyl-neo-E1A-ER construct using Effectene Transfection Re-
agent (Qiagen, Valencia, CA, USA), according to the man- methylsulfonyl fluoride (PMSF)] containing a complete
protease inhibitor cocktail (Roche Diagnostic GmbH,ufacturer’s protocol. G418 (500 ng/mL) (Gibco BRL)
was added to the cell cultures for selection of the trans- Mannheim, Germany). Following a 15-minute incuba-
tion on ice, total extracts were recovered by centrifuga-fected clones.
After clonal isolation and several passages, the estab- tion at 14,000 g for 15 minutes, and either used immedi-
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Table 1. Polymerase chain reaction (PCR) primers for amplification reactions
Number of cycles
Accession Product
number Sequence size Tm RIMM-18 MM
E1A-ER U 5-CGGAATTCACTCTTGAGTGCCAGCGAG 1410 62.4 40 40
D 5-CGCGCCAGGGAGCTCTCAGACTG
Pax2 BF389105 U 5-GCAAAGCAGACCCCTTCTCC 326 59.4 30 25
D 5-GATCTCCCAGGCGAACATAG
Wt1 X69716 U 5-CCGCCACCCCACTCCTTCATC 899 59.6 35 35
D 5-GAAAACCTTCTCTCGCAGTCC
Lim1 S71523 U 5-AAGGAGCGGAGGATGAAGCAG 251 59.4 35 35
D 5-GATGATGGCACAAAGGGTAGG
Wnt-4 NM_053402 U 5-GAGGAGTGCCAATACCAGTTC 257 57.8 32 27
D 5-TAGGCGATGTTGTCCGAGCAT
sFRP1 AF167308 U 5-GGTCATGCAGTTCTTCGGCTTCTAC 309 58.2 32 32
D 5-CGCTTCAGCTCCTTCTTCTTGATG
sFRP2 U88567 U 5-GCCTCGCTGCTGCTGCTAGTC 538 55.2 35 35
D 5-TGTCGTTGTCGTCCTCATTCTTG
GAPDH AB017801 U 5-CCATGCCATCACTGCCACTCAGAAG 372 60.7 25 25
D 5-GCAATGCCAGCCCCAGCATCAAAG
Abbreviations are: MM, metanephric mesenchyme; Wtl, Wilms’ tumor suppressor gene-1; Lim1, homeobox gene; sFRP1, secreted frizzled-related protein 1; sFRP2,
secreted frizzled-related protein 2; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
ately or frozen and stored at 80C. The samples (30 g of Dr. J. Massague (Memorial Sloan-Kettering Cancer
Center and Howard Hughes Medical Institute, Newof total protein) were boiled in reducing sample buffer
[10] and run in a 10% Tricine-SDS gel (Invitrogen/ York, NY, USA). The thymidine kinase promoter, Re-
nilla luciferase reporter plasmid pRL-TK (Promega,Novex, Carlsbad, CA, USA) for 4 hours at 60 V. Proteins
were then electrotransferred to a polyvinylidene difluor- Madison, WI, USA), was used as an internal control.
Cells were plated at 6  104 cells/well for RIMM-18ide membrane (Immobilon-P, Millipore, Bedford, MA,
USA) for 2 hours at 30 to 33 V. Blots were blocked with and at 105 cells/well for HEK293 and RUB1 in 24-well
plates 1 day before transfection. The next day, cells were5% nonfat dry milk in Tris-buffered saline with 0.1%
Tween (TBST) (10 mmol/L Tris, pH 8.0, 150 mmol/L transfected with 0.15 g of reporter DNA or empty vec-
tor, the internal control reporter plasmid pRL-TK (7.5 ng)NaCl, 0.1% Tween 20), incubated with a LIF receptor
(LIFR) polyclonal antibody (Ab) (1:1000, Santa Cruz (Promega), and 3 L of Effectene reagent (Qiagen), fol-
lowing the manufacturer’s protocol. After 6 hours, cellsBiotechnology, Santa Cruz, CA, USA), a phospho-Stat3
(Tyr 705) polyclonal Ab (1:1000, New England BioLabs, were serum starved for 18 hours and then stimulated with
inductive factors (as described above) for an additionalBeverly, MA, USA), a Stat3 polyclonal Ab (1:1000,
Santa Cruz), a phospho-Smad2 polyclonal (1:1000, Up- 7 hours. After that, cells were lysed and assayed for
reporter activity using a Dual-Luciferase Reporter Kitstate Biotechnology, Lake Placid, NY, USA), or a TGF-
-RII polyclonal (1:1000, Upstate Biotechnology) Ab in (Promega) and a Monolight 3010 Luminometer (Phar-
Mingen, San Diego, CA, USA). All experiments wereTBST overnight at 4C on a rotator, washed, and further
incubated with antibodies conjugated to horseradish per- performed in triplicate at least three times. Data are
shown as averages of three independent experiments,oxidase. The reacted antibodies were then visualized using
the enhanced chemiluminescence (ECL) system accord- with standard deviations indicated by bars.
ing to the instructions of the manufacturer (Amersham
Nuclear extract preparation and electrophoreticPharmacia Biotech, Piscataway, NJ, USA).
mobility shift assay (EMSA)
Reporter assay studies Nuclear extracts from MMs were prepared as described
earlier [4]. To prepare nuclear extracts from RIMM-18,APRE and APREmut [reporter plasmids containing
four copies of wild-type or mutant interleukin-6 (IL-6) the cells were plated at 106 cells/75 cm2 flask, treated for
8 days as described earlier in the Methods section, andresponse elements of the rat 2-macroglobulin (2m)
promoter, respectively] were generous gifts from Dr. processed as for MM. The DNA-binding reaction was
performed as described [4] for 30 minutes at room tem-T. Takeda (Osaka University Medical School, Osaka,
Japan). perature in a volume of 25 L, containing 0.5 g of nu-
clear protein extract in 5 L of buffer B, 7.5 g ofTOPflash, a reporter plasmid containing three copies
of wild-type Tcf-1–binding sites, was purchased from acetylated bovine serum albumin (BSA) (Promega), 0.5
g of sonicated salmon sperm DNA (Stratagene, LaUpstate Biotechnology. 3TP-Lux, a reporter plasmid
containing a TGF-–inducible promoter, was a kind gift Jolla, CA, USA), and 0.5 ng of 32P-radiolabeled probe
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(1  105 cpm) (Amersham) with or without an 80-fold
molar excess of cold competitor DNA. For the optimal
Tcf-1/Lef-1–binding sites, we used double-stranded oligo-
nucleotides GGTACCCCCTTTGATCTTACCAAGCTT
(Tcf-1-wt) and GGTACCCCCTTTGGCCTTACCAAG




RIMM-18 cells were plated on 4-well glass slides (Lab-
Tek II Chamber Slide System, Nalge Nunc, Int., Roches-
ter, NY, USA) at 2  104 cells/well. After growing for
indicated times under control or inductive conditions,
the cultures were washed with PBS, fixed in methanol
(10 minutes at –20C), and processed as described [12].
The slides were incubated at room temperature for 50 to
Fig. 1. Morphology of E1A-immortal clones of metanephric mesen-
60 minutes in a freshly prepared solution of 0.125 mg/mL chyme (MM). The 1-5, 1-7, and 1-8 cells are spindle-shaped and fibro-
-glutamyl-4-methoxy-2-naphthylamide (Sigma Chemi- blast-like. The cells of the C2 clone are typical of epithelia, with polygo-
nal morphology and increased cell-to-cell adherence. Scale bar, 50 m.cal Co.) in 25 mmol/L Tris-HCl (pH 7.4) with 0.6% sa-
line, 0.5 mg/mL glycylglycine (Calbiochem, La Jolla, CA,
USA), and 0.5 mg/mL Fast Blue BBN (diazotized 4-
amino-2,5-diethoxybenzanilide) (Vega-Fox Biochemi- and mounted using a ProLong Antifade Kit (Molecular
cals, Tucson, AZ, USA). Following incubation, the slides Probes, Eugene, OR, USA) for visualization.
were rinsed in 0.85% saline and then transferred to a
0.1 mol/L solution of cupric sulfate for 2 minutes. After
another saline wash, the slides were rinsed in distilled RESULTS
water and mounted in glycerol:PBS (1:1) solution. Establishment and selection of an immortalized
inducible mesenchymal cell lineImmunohistochemistry
Rat primary metanephric mesenchymal cells obtainedRIMM-18 cells grown on type IV collagen–coated fil-
from 13 dpc embryos were transfected with a conditionalters were fixed in 4% paraformaldehyde, washed with
vector encoding a chimeric E1A-ER protein in whichPBS, then dehydrated with an ethanol series, paraffin-
the N-terminal 150 amino acids of adenovirus type 2embedded, and sectioned. The sections were dewaxed,
E1A protein are fused in frame to a human ER hormone-blocked with methanol, and incubated with a 1:400 dilu-
binding domain, and which retains transforming activitytion of anti-E-cadherin antibody (Santa Cruz Biotech-
only in the presence of estradiol [8]. Cells were selectednology). Signals were detected using a VECTASTAIN
for neomycin resistance using G418, and 27 individualElite ABC Kit (Vector Laboratories, Burlingame, CA,
clones of transformed cells were isolated and expanded.USA) according to the manufacturer’s instructions.
The various selected clones possessed very different phe-
notypes—from fibroblast-like to patently epithelial, rep-Immunocytochemistry
resenting a later stage of nephrogenesis (Fig. 1). For ourCells grown on polycarbonate filters (Whatman-Nucle-
purposes, the clones with fibroblast-like morphology andpore, Newton, MA, USA) coated with type IV collagen
therefore presumed blastemal potential were of greateror on glass coverslips were fixed for 10 minutes in 100%
interest.methanol (20C), washed in methanol:PBS (1:1), then
In rodent cells, spontaneous immortalization may oc-in PBS, preblocked with 10% sheep serum (Sigma Chem-
cur with a relatively high frequency. To ensure that theical Co.) in PBS, and stained for vimentin (monoclonal
candidate clones contained the conditional vector, weantibody, 1:50) (Santa Cruz Biotechnology), pan-cyto-
analyzed them for expression of the E1A-ER chimerickeratin (monoclonal antibody, 1:50) (Santa Cruz Bio-
molecule by RT-PCR reaction. As shown in Figure 2A,technology), or E-cadherin (polyclonal antibody, 1:50)
most produced a PCR product of appropriate size, unlike(Santa Cruz Biotechnology) using rhodamine- or fluo-
nontransfected primary mesenchymal cells and HEK293rescein isothiocyanate (FITC)-conjugated secondary an-
cells, which were originally transformed by adenovirustibodies (1:100) (Santa Cruz Biotechnology) in 1% sheep
type 5 DNA [13].serum overnight at 4C. Filters or slides were finally
washed in PBS twice for 30 minutes at room temperature Next, selected clones were analyzed for expression of
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further study. It is heretofore referred to as the RIMM-18
cell line.
Characterization of RIMM-18 cell line
Cytoskeletal marker expression. To confirm the mes-
enchymal nature of the selected RIMM-18 cell clone and
to determine the extent of differentiation, we analyzed
monolayer cultures for the expression of vimentin and
cytokeratin, markers for mesenchymal and epithelial
cells, respectively. As shown in Figure 3, RIMM-18 cells
are strongly vimentin positive and cytokeratin negative,
as detected by indirect immunofluorescence. Unlike the
RIMM-18 cell clone, epithelial RUB1 express cytokera-
tin and to a lesser extent vimentin. HEK293, an immor-
talized cell line of human MM, is slightly positive for
both vimentin and cytokeratin.
The data confirm the nonepithelial and undifferenti-
ated nature of the RIMM-18 clone. Removal of estradiol,
however, resulted in gradual conversion of the cells from
a fibroblast-like to an epithelial-like phenotype, which
suggests that the conditional vector helps to maintain the
undifferentiated status of the cell line (Fig. 4). All cells in
the culture experienced consistent phenotypic changes,
forming a compact cobblestone pattern at confluence
unlike cytokine-induced local epithelial formations. This
nonspecific conversion (i.e., without cytokine supple-
Fig. 2. Analysis of candidate metanephric mesenchyme (MM) clones mentation) may be the consequence of commitment of
possessing undifferentiated morphologies. (A) Almost all the MM the original MM cell giving rise to the RIMM-18 cell
clones express chimeric E1A-ER protein unlike nontransfected primary
line, so some differentiation processes may be initiatedmesenchymal cells or the HEK293 cell line, which was originally infected
and transformed by adenovirus type 5 [reverse transcription-polymerase already. E1A protein, which is known to interact with
chain reaction (RT-PCR) of total RNA (1 g)]. (B) Western blot analy- CBP/p300, can prevent this conversion by blocking, in
sis of the LIFR, phospho-Stat3 (P-Stat3) (Tyr 705), and Stat3 expression
particular, the -catenin signaling pathway.in HEK293, RUB1 cell line, and MM clones. GAPDH is glyceraldehyde-
3-phosphate dehydrogenase. Presence of functionally active signaling pathways. To
demonstrate the presence of functionally active inductive
signaling pathways, we stimulated RIMM-18 cells with
LIF or RUB1 CM, which contains the inductive factors for
LIF R, which is characteristic of cells originating from MM that are released by rat ureteric bud cells and in-
MM [4]. Western blot analysis revealed that at least four cludes LIF [2–4]. This resulted in an increase in phospho-
of them have a detectable level of the receptor. Clones Stat3 levels after 45 minutes, followed by its down-regu-
1-5 and 1-8 have the highest levels, which are comparable lation after 3 hours. The decrease of phospho-Stat3 levels
with that of HEK293 cells (Fig. 2B). was accompanied by down-regulation of the LIF recep-
Binding of LIF and LIF R results in activation of the tor. CM appeared to be more active in both inducing an
JAK-Stat signaling pathway and tyrosine phosphoryla- increase in phospho-Stat3 after 45 minutes and the de-
tion of Stat3 protein [14]. Dimeric phospho-Stat3 is a crease of phospho-Stat3 and LIF R after 3 hours (Fig. 5).
transcriptional activator of target genes. Tyrosine phos- Besides LIF, TGF-2 was shown to be present in CM
phorylation of Stat3 was detected both in clones 1-5 and and to participate in the epithelial conversion of MM
1-8 (Fig. 2B). Remarkably, we did not detect phosphory- [4]. Responsiveness of the target cells to TGF-2 is due
lated Stat3 in HEK293 cells, although they expressed to its interaction with a TGF- receptor complex, which,
total Stat3 protein at levels comparable with those for when activated, phosphorylates a Smad2/3 protein, al-
1-5 and 1-8 cell clones. Both 1-5 and 1-8 clones also lowing it to form a heteromeric complex with Smad4. The
demonstrated LIF-inducible transcriptional activation of Smad complexes are then translocated into the nucleus,
a heterologous reporter gene under the control of a where they may function as transcription factors for a
Stat3-responsive element (data not shown). The 1-8 variety of target genes [15–17]. To demonstrate TGF-–
clone showed the greatest response to LIF treatment induced formation of phosphorylated Smad2, we ana-
lyzed protein lysates from RIMM-18 cells treated with(20- to 60-fold induction) and therefore was selected for
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Fig. 3. Immunocytochemical characterization
of RIMM-18 cells in comparison to RUB1 and
HEK293 cells. Scale bar, 10 m.
Fig. 4. Estradiol (100 nM) prevents epithelial conversion of RIMM-18
cells. (A ) 	E2. (B ) E2 (10 passages).
TGF-2 for 45 and 180 minutes. As shown in Figure 5,
TGF-2 stimulates phosphorylation of Smad2 protein
in a time- and concentration-dependent manner.
Wnt signaling has also been demonstrated to play a
Fig. 5. Induction of Stat3 and Smad2 phosphorylation in RIMM-18
crucial role in renal tubule formation [18–20]. With Wnt cells. Twenty four hours after plating, the cells were serum starved for
an additional 24 hours, after that leukemia inhibitory factor (LIF) (30signaling,-catenin is stabilized, which results in its inter-
ng/mL), conditioned medium (CM) (20L/mL), or transforming growthaction with a member of the Tcf family of DNA-binding
factor-2 (TGF-2) (0.1, 0.6, or 6 ng/mL) were added for 45 or 180
proteins to modulate expression of Wnt-responsive minutes. Protein lysates were prepared as described in the Methods
section. LIF R is LIF receptor.genes [21].
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Fig. 6. Induction of transcription activity of
Stat3, Lef-1/Tcf-1, and Smad4 in the RIMM-18
cell line. (A) Luciferase reporter assay for
Stat3, Lef-1/Tcf-1, and Smad4 (APRE, TOP-
flash, and 3TP-Lux reporter constructs, respec-
tively). Symbols are: (), control; ( ), induc-
tion. (B) Gel mobility shift assays for Stat3
and Tcf-1/Lef-1. Nuclear extracts of induced
metanephric mesenchyme (MM) explants [3
days of conditioned medium/fibroblast growth
factor 2 (CM/FGF2) treatment] and uninduced
or induced (8 days) RIMM-18 cells were as-
sayed for Stat3 (lanes 2 to 6) or Tcf-1/Lef-1
(lanes 8 to 12) DNA-binding activity. Specific
Stat3 competitor DNA (lane 5), Tcf-1 compet-
itor DNA (lane 11), mutant Stat3 competitor
DNA (lane 6), mutant Tcf-1 competitor DNA
(lane 12) were added to determine specificity
of the band shifts. Abbreviations are: Wt, wild-
type; Mut, mutant.
To evaluate activity of the transcription factors associ- low, if any, activation of these reporter genes. In HEK293
cells, the Stat3-responsive element was completely inac-ated with epithelization of MM, we used luciferase re-
porter assays. As shown in Figure 6A, RIMM-18 cells tive, in agreement with the data obtained from Western
blot analysis for phospho-Stat3 formation. On the otherdisplay 3- to 60-fold increases in levels of transcriptional
activation of luciferase reporter genes under the control hand, constitutive luciferase activity from the 3TP-Lux
reporter plasmid was higher than in RIMM-18 cells; how-of Stat3-, Smad4-, and Tcf-responsive elements (reporter
plasmids APRE, 3TP-Lux, and TOPflash, respectively) ever, inducibility was much lower, 126 
 12% of activa-
tion in HEK293 versus 320 
 30% in RIMM-18 cells.when treated with inductive factors for 6 hours versus
the activities in control cells. RUB1 cells display very These transcriptional activations were confirmed using
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electrophoretic mobility shift assays for Stat3 and Tcf-1/ phogenesis: condensation (Pax2 and Wt1), epithelial con-
version (both), and glomerulogenesis (Wt1). RT-PCRLef-1. DNA-binding activities appeared in nuclear ex-
tracts from RIMM-18 cells after induction. The same analysis did not reveal any changes in Pax2 and Wt1
expression in primary metanephric explants (Fig. 8). Inpattern of bands is present in the nuclear extract from
primary-induced MM cells (Fig. 6B). The bands were RIMM-18 cells, however, which are thought to be more
homogeneous than primary explants, Pax2 was slightlycompeted with an 80-fold excess of respective unlabeled
oligonucleotide but not with a mutant form, demonstra- down-regulated. Western blot analysis of proteins from
RIMM-18 cells did not show remarkable changes in theting the specificity of the formed complexes.
The cells used for luciferase reporter assays and for expression of Wt1 or Pax2 (data not shown).
With induction of MM, the early marker sFRP1 is down-EMSA were stimulated by addition of a complete set of
inductive factors, as described in the Methods section, regulated and markers of late events, Wnt-4, sFRP2, and
Lim1, are up-regulated. In RIMM-18 cells, only sFRP2 isbecause these conditions were the most successful in in-
ducing cellular morphologic changes in immunohisto- strongly up-regulated after induction. Lim1 is expressed
similarly in RIMM-18 cells before and after induction,chemical and immunocytochemical studies. Individually,
LIF and TGF-2 were able to stimulate luciferase activ- unlike primary MM, for which Lim1 was up-regulated
from an extremely low basal level.ity from their respective reporters, but the level of induc-
tion was reduced (data not shown). Using primers for Wt1 located in exon 1 and 8, two
amplification products that differ by a deletion of exon 5Induction of morphologic changes in RIMM-18 cells
and expression of epithelial markers. In primary MM, ac- [22, 23] were observed both in MM and in the RIMM-18
cell line (Fig. 8). Alternative splice variants for Wnt-4,tivation of LIF- and TGF-2–induced signaling pathways
results in epithelial conversion and tubule development which differ by 14 amino acids [24], were also revealed
in both MM and RIMM-18 RT-PCR products.within 72 hours of exposure [4]. We analyzed morpho-
logic changes of RIMM-18 cells after administration of The ability of RIMM-18 cells to form epithelial-like
cytokine/growth factors. The morphologic changes be- structures after induction was observed in cultures after
came apparent by the fifth day after inductive stimulation 27 passages but was not apparent after 40 passages. In-
(Fig. 7A). Condensed areas appeared to be positive for ducibility of the reporter genes, as well as expression of
-glutamyl transpeptidase, a marker for proximal tubular protein markers, however, remained unchanged (data
epithelia (Fig. 7B). not shown).
To analyze the developing structures, the cells were
cultivated on type IV collagen-coated filters, which facili-
DISCUSSIONtated immunoanalysis. For these experiments, the cells
To better understand the mechanisms governing renalwere plated as a thick cell suspension on a filter floating
development, relevant cell culture systems are needed.on culture medium. Both immunohistochemical and im-
Formation of nephronic tubules depends on a series ofmunofluorescent staining revealed E-cadherin–positive
reciprocal inductive events between the ureteric epithe-foci in epithelial-like structures of RIMM-18 cells after
lium and the MM. Establishing a ureteric bud cell line8 or 9 days of induction. Membrane localization of E-cad-
has not been problematic presumably because branchingherin is obvious in both preparations (Fig. 7 C and D).
morphogenesis in the development of the collecting ductCytokeratin, another marker of epithelization, was de-
system is primarily a proliferative process, and immor-tected only in some experiments and as late as 12 days
talization has resulted in few, if any, phenotypic or func-after induction (Fig. 7E).
tional changes [6, 25]. On the contrary, metanephric blas-In addition, we used semiquantitative RT-PCR and
temal cells undergo gradual epithelial differentiation inWestern blot analysis to screen RIMM-18 cells for ex-
response to inductive factors secreted by the ureteric bud.pression of several renal stage-specific genes. As a posi-
In the absence of inducing tissue, however, they becometive control for mesenchymal-epithelial conversion, RNA
quiescent and undergo apoptosis. Another problem isfrom primary MM was used. Due to the high sensitivity
that only a small percentage of cells in the embryonicof RT-PCR, all markers were detected in uninduced MM,
kidney are progenitor cells, which can give rise to a blas-although Lim1 levels were negligible. Markers of early
temal cell line.events in morphogenesis, Pax2 and secreted frizzled-
Several attempts have been made to generate a neph-related protein 1 (sFRP1), showed substantial levels of
roblast culture system. A mesenchymal cell line was es-expression in uninduced MM. For Pax2, it is less obvious
tablished from human fetal kidney and required a factorbecause of the reduced number of PCR cycles shown
secreted by medium from the G401 tumor cell line [i.e.,(Table 1). In this and other cases, the number of cycles
the so-called nephroblast growth factor (NB-GF) for thewas optimized to avoid overamplification and to facili-
proliferation of the nephroblasts]. The cultured nephro-tate detection of changes in levels of expression. In MM,
Pax2 and Wt1 are expressed at different stages of mor- blasts were shown to retain their ability to differentiate
Fig. 7. Induction of markers for mesenchymal-epithelial conversion in RIMM-18 cells. (A) Light microscopy of RIMM-18 cells grown in plastic
flasks for 8 days in indicated conditions. (B) Cytochemical staining for -glutamyl-transpeptidase activity of cells grown on glass chamber slides
for 6 days [conditioned medium (CM), fibroblast growth factor 2 (FGF2), and leukemia inhibitory factor (LIF) were added for induction]. (C )
Immunohistochemical staining for E-cadherin of cells grown on collagen-coated filters for 9 days. (D) Rhodamine-immunofluorescent staining for
E-cadherin of cells grown on collagen-coated filters for 9 days (confocal image). (E) Fluorescein isothiocyanate (FITC)-immunofluorescent staining
for cytokeratins of cells grown on collagen-coated filters for 12 days (confocal image). Scale bars, 50 m.
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differentiation in culture. In this case, differentiation was
triggered by extended growth of cells as monolayers
without passage, at the nonpermissive temperature [28].
However, this line has not been applied to further stud-
ies, suggesting other problems, such as maintaining cells
with the potential to terminally differentiate.
Karp et al [29] established conditionally immortal cell
cultures from murine metanephric kidney transformed
with an SV40 early-region temperature-sensitive mutant.
The authors demonstrated that one of the selected mes-
enchymal clones was stimulated with a single cytokine,
hepatocyte growth factor (HGF). This resulted in the ap-
pearance of E-cadherin and decreased expression of neu-
ral cell adhesion molecule (NCAM).
Conditionally immortalized cell lines from MM of mice,
which harbored temperature-sensitive mutant forms of
SV40 large antigen were obtained by others to investi-
gate the expression of the HGF receptor c-met and its
coexpression with HGF in some of the established clones
[30]. Two of the stable cell lines resembled cells at distinct
Fig. 8. Expression of metanephric mesenchymal (MM) markers in the
stages of mesenchymal-epithelial conversion and wereRIMM-18 cell line [lane 1, uninduced; lane 2, 7 days of fibroblast growth
factor 2/leukemia inhibitory factor/transforming growth factor-2/ negative or positive for E-cadherin. The phenotypes of
transforming growth factor- (FGF2/LIF/TGF-2/TGF-) treatment; these cell lines were similar under permissive and non-
lane 3, 7 days of conditioned medium (CM)/FGF2/LIF/TGF-2/TGF-
permissive conditions, except that the nonproliferatingtreatment] and in 13 days postcoitum (dpc) MM (lane 4, uninduced;
lane 5, 1 day of FGF2/LIF/TGF-2 treatment; lane 6, 1 day of CM/ FGF2/ cells were larger. Thus, the authors compared two differ-
LIF/TGF-2 treatment). Cells were plated on type IV collagen-coated fil- ent clones, but not the changes in molecular marker
ters (2  105 cells in 20 L), which were floating on regular media (2 mL
expression in one line under different conditions, as didper well of 12-well plate). In 24 hours, cultures were refed with fresh
media, with or without inductive factors, as described in the Methods Karp et al [29].
section, then refed every 2 days. RNA is the amount of total RNA Valerius et al [31] used a similar approach in making
(in g) used in reverse transcription (RT) reactions. Abbreviations are
a kidney development model system. They establishedWt1, Wilms’ tumor suppressor gene-1; Lim1, homeobox gene; sFRP1,
secreted frizzled-related protein 1; sFRP2, secreted frizzled-related pro- four clonal cell lines representing different develop-
tein 2; GADPH, glyceraldehyde-3-phosphate dehydrogenase. mental stages of the MM from transgenic mice with SV40
Tag gene. Comparison of two of them revealed differen-
tial gene expression of some 120 genes, most of which
had not been previously associated with differentiationinto epithelia when exposed to medium with 10% serum
of MM. Despite the obvious advantages of such an ap-in the absence of NB-GF. This cell line was maintained for
proach, however, the investigators are limited with itsmore than 30 passages, however, the capacity for epithe-
application to the established model system. Only pro-lial conversion was retained only through early passages
tein/mRNA patterns characteristic to the developmen-(i.e., up to 8 ) [26].
tally frozen stages may be studied.To make a stable cell line, however, the introduction
A well-known and commonly used embryonic kidneyof immortalizing genes such as polyoma and SV40 large
cell lines is the cell line of human origin, HEK293 [13].T or adenovirus E1A is apparently necessary to over-
Given the expression of LIF receptor by HEK293, acome the cell crisis phase.
marker of MM [4], this cell line is presumed to be ofSakurai et al [27], have established two cell lines from
MM origin. The presence of signaling pathways charac-the kidney of a mouse embryo, which is transgenic for
teristic for MM is consistent with this hypothesis. HEK293SV40 large T antigen. One of them, a BSN cell line from
cells are more epithelial-like than RIMM-18 cells andMM, was used as a source of factors to induce a branching
express cytokeratin and, to a lesser extent, vimentin.morphogenesis of a cell line from ureteric bud. The BSN
They may represent a later stage of mesenchymal-epithe-cell line, however, did not have a stable character by
lial conversion compared to RIMM-18 cells. We foundmarker analysis, and only passages 4-14 were used for
that unlike RIMM-18 cells, HEK293 cells are defectiveexperiments [27].
in Stat3 signaling, although they express LIF receptorAn SV40 large T immortalized progenitor cell line
and Stat3 protein. We did not detect either phospho-from rat kidney established by Herzlinger, Abramson,
Stat3 or activation of a luciferase reporter gene underand Cohen [28] maintained a potential to undergo mes-
enchymal-to-epithelial transitions leading to terminal control of a phospho-Stat3 transcriptional element. Al-
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though Smad-regulated transcription of the luciferase specific Tcf-1/DNA complex is formed in RIMM-18 cells
upon induction, and the mobility of these complexesreporter gene is constitutively very high in this cell line,
inducibility is much lower, suggesting that the TGF-2– resembles those formed in preparations from primary
MM. Moreover, activity of a reporter gene under the con-induced signaling pathway has been impaired. Perhaps,
some regulatory proteins required for propagation of trol of a Tcf-1/Lef-1 element was increased.
The morphologic and functional phenotypes of thesignals from the receptors to intracellular targets were
lost or mutated in HEK293. RIMM-18 cell line were maintained after prolonged pas-
sage and seem to be quite stable. Only one phenomenon,While this line has been pivotal in defining a variety
of signaling interactions, it cannot differentiate and seems formation of epithelial-like structures upon induction,
which occurred in RIMM-18 cell culture after passageto have lost some of the signaling mechanisms important
for the kidney development process, as demonstrated in 27, was not sustained after 40 passages. All other charac-
teristics, including expression of protein markers, respon-this paper. The loss of components of the Stat-signaling
pathway, in particular, might limit the application of this siveness to principal inductive ligands in luciferase re-
porter study, and electrophoretic mobility shift assay didcell line.
We have attempted to establish a cell culture system not show significant variability between cells of earlier
and later passage. The factor(s) responsible for this phe-suitable for mesenchymal-epithelial conversion study in
kidney development. For this purpose, we used a condi- notypic conversion remains to be elucidated. Neverthe-
less, the observed epithelial conversion was inducible andtional vector E1A-ER for immortalization of primary MM
cells. Phenotypic and functional screening of isolated cell a reproducible event. Administration of only FGF2 and
LIF was sufficient for formation of condensed areas, butclones revealed one, whose properties were the most
consistent with MM. The selected clone RIMM-18 was this was delayed by several days relative to administra-
tion with the complete set of factors (data not shown).negative for cytokeratin, a marker for UB epithelium.
It had a high level of LIF receptor, which is expressed This fact is consistent with our previous study describing
cooperativity of LIF, FGF2, and TGF-2 in inducingonly in cells originating from MM in the metanephros
[4], and stimulation of RIMM-18 cells with LIF resulted nephrogenesis [4]. Formation of epithelial-like structures
was not due to high cell density, because lengthy cultiva-in activation of LIF-signaling pathways. We detected (1)
formation of phosphorylated Stat3, (2) formation of a tion of cells as monolayers without passage did not cause
such an effect. It was also not due to removal of estradiolspecific Stat3-DNA complex, and (3) activation of a het-
erologous reporter gene under the control of a Stat3- from culture media, since in cultures grown without both
estradiol and inductive factors, these structures were stillresponsive element. Transient down-regulation of both
LIF-receptor expression and phospho-Stat3 formation not formed. Removal of estradiol for 8 to 10 passages
caused a gradual transformation of RIMM-18 cells towas observed after 3 hours of induction. A similar effect
was observed for IL-6–induced Stat3 activation in several a more epithelial phenotype, but without formation of
condensed areas like those induced by the factors.types of cells [32]. Surprisingly, in those studies transient
desensitization of IL-6 signal was not due to internaliza- Expression of some epithelial markers was detected
in epithelial-like foci: E-cadherin, cytokeratin, and -glu-tion of the receptor complex but required de novo pro-
tein synthesis. Authors hypothesize that members of the tamyl-transpeptidase. The results of RT-PCR analysis sug-
gested that the Wnt-4 is expressed in RIMM-18 cells.suppressors of cytokine signaling (SOCS) protein family
are responsible for this down-modulation. There may Unlike primary MM, we did not observe up-regulation
of Wnt-4 RNA after induction with cytokines/growthbe a similar negative feedback loop in RIMM-18 cells
modulating JAK/Stat signaling. factors. Concurrently, sFRP1 was not down-regulated in
RIMM-18 and that may, in part, explain this observation.Activation of the TGF-2 signaling pathway, which
was shown to also be necessary for MM differentiation It is not known which factors might modulate activity of
sFRP1 resulting in a decrease in its expression in vivo.[4, 33], was demonstrated by several types of experi-
ments. Phosphorylation of Smad2, as well as activation sFRP2 is known to compete locally with sFRP1 to regu-
late Wnt-4 signaling during renal organogenesis [20].of a luciferase reporter gene under the control of a Smad-
responsive element, was detected in the RIMM-18 cell In our preliminary experiment, transient transfection of
RIMM-18 cells with an sFRP2 expression vector causedline after stimulation with inductive factors
It was demonstrated earlier that autocrine expression some down-regulation of sFRP1 and significant up-regu-
lation of Wnt-4 expression (data not shown). To decreaseof Wnt-4 in MM is required to induce its epithelial trans-
formation [18, 19]. Neutralization of Wnt ligands with the inhibitory effect of sFRP1 or other possible inhibitors
of Wnt-4 signaling, we tried also to dilute the inhibitorsantagonist-sFRP1 abrogates the process induced with
LIF/TGF-2/FGF2, suggesting that Wnt-4 signaling pro- by cultivating small numbers of cells in a large volume of
medium with frequent medium replacement. To obtainvides a common downstream mechanism for the differ-
entiation of MM [4, 20]. We have demonstrated that a three-dimensional structures with small numbers of cells,
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